Background. The assessment of left ventricular (LV) dyssynchrony is increasingly important in clinical cardiology.
Introduction
Left ventricular (LV) dyssynchrony is recognized to be a pivotal factor modulating LV systolic dysfunction and cardiac remodeling in the presence of heart failure [1] [2] [3] [4] . Reliable and accurate non-invasive assessment of LV dyssynchrony is important for the selection of patients with drug refractory heart failure who would likely benefit from cardiac resynchronization therapy. Among the different modalities available, echocardiographic assessment of LV dyssynchrony is instrumental in daily clinical practice because of the versatility of this technique. Tissue Doppler imaging is one method for evaluating LV dyssynchrony [1, 2, [5] [6] [7] [8] [9] [10] , and the standard deviation (SD) of the time between the R wave on the electrocardiogram and peak longitudinal systolic velocity in 12 LV segments has been shown to be useful for determining non-responders after cardiac resynchronization therapy [8] [9] [10] . However, this index is calculated from velocity data in the basal and middle segments of the three standard 2D apical views and consequently does not reflect the motion pattern of the entire LV segments. This index does not contain information on the apical segments due to angle dependency of tissue Doppler imaging. Finally, translation of the heart in conjunction with the tethering motion of adjacent segments affects the velocity-derived value of tissue Doppler imaging. In contrast, strain value theoretically is not affected by both translation and tethering.
2D ultrasound speckle tracking imaging has allowed LV strain to be evaluated non-invasively [11] [12] [13] [14] [15] [16] . Since this technique is not angle-dependent, it allows temporal and spatial evaluation of strain profiles in all LV segments [11] . Although LV dyssynchrony is known to occur in patients after myocardial infarction (MI), a paucity of data exists regarding the manner in which the location and extent of an MI would affect LV dyssynchrony [17, 18] . Accordingly, the aim of this study was to examine the impact of MI on LV dyssynchrony using 2D speckle tracking imaging.
Methods

Study subjects
Forty-one patients with MI (mean age: 65 10 years, 32 men) and 15 age-matched healthy volunteers (mean age: 64 8 years, 8 men) were studied. A myocardial infarction was diagnosed as defined by the American College of Cardiology/ American Heart Association guidelines [19] . The Institutional Review Board of the hospital approved the study, and all study subjects provided informed consent prior to participation.
Echocardiography
Echocardiography was performed using a commercially available ultrasound transducer and equipment (M3S probe, Vivid 7, GE Healthcare, Milwaukee, WI, USA). All 2D gray scale echocardiographic images were obtained using second harmonic mode. Left ventricular volume and LV ejection fraction was assessed using the modified Simpson method from the apical 4and 2-chamber views. For the assessment of LV radial and circumferential strain, three LV short-axis planes were acquired at the base, middle and LV apical levels with high frame rates. Care was taken to ensure that the basal short-axis planes contained the mitral valve, middle planes contained papillary muscles, and that the apical planes were acquired distally to papillary muscles. At each plane, three consecutive cardiac cycles were acquired during breath-holding and digitally stored in a hard disk for off-line analysis. For the determination of timing of cardiac events, the mitral inflow and LV outflow were assessed with pulse-Doppler echocardiography.
LV strain and dyssynchrony indices
From the basal, middle and apical short-axis data sets, one cardiac cycle was selected for subsequent analysis. Using a commercially available 2D strain software (Echopac PC, GE Healthcare, Milwaukee, WI, USA), the endocardial border of each short-axis end-systolic frame was manually traced. A region of interest was then drawn to include the entire myocardium. The software algorithm automatically segmented the LV short-axis into 6 equidistant segments and selected suitable speckles in the myocardium for track-ing. Once completed, the software algorithm searched the speckle patterns on a frame-by-frame basis using the sum of absolute difference algorithm. Finally, the software automatically defined the ventricular centroid for the mid-myocardial line on each frame and calculated LV radial strain and circumferential strain profiles for each segment of the three short-axis planes. Regional strain curves were then analyzed for each ventricular segment. Peak radial strain, peak circumferential strain, the time interval between the R wave on the electrocardiogram and peak radial strain (Trs), and the time to peak circumferential strain (Tcs) was measured for each segment. In order to adjust for intersubject differences in heart rate, Trs and Tcs were corrected by the square root of the R-R interval. To assess LV dyssynchrony, the following indices were calculated; (1) Trs-18SD: the SD of Trs of all 18 segments; (2) Trs-12SD: the SD of Trs of 6 basal and 6 middle segments; (3) Trs-6SD: the SD of Trs of 6 basal segments; (4) Tcs-18SD: the SD of Tcs of all 18 segments; (5) Tcs-12SD: the SD of Tcs of 6 basal and 6 middle segments; and (6) Tcs-6SD: the SD of Tcs of 6 basal segments.
Statistical analysis
Data are expressed as mean SD. Data were analyzed using analysis of variance to compare the degree of strain and its related variables applying a Boferroni's correction among three groups. When comparing continuous data between anterior and inferior wall MI, the Students' t-test was used. Chi-square analysis was performed for categorical variables. A p value of < 0.05 was considered significant.
Interobserver measurement variability was determined by having a second observer measure peak radial strain and circumferential strain in seven randomly selected patients. Intraobserver variability was determined by having one observer remeasure peak radial strain and circumferential strain in 7 patients one month apart. Interobserver and intraobserver variabilities were calculated as the absolute difference between the corresponding repeated measurements as a percent of their mean.
Results
The average frame rate was 78 8 frames/sec (range: 62 to 104 frames/sec). Eighteen patients had an anterior wall MI, and 23 had an inferior wall MI. Left ventricular volumes, LV ejection fraction and pulse-Doppler echocardiography data acquired in patients with anterior wall MI, inferior wall MI and agematched healthy volunteers are depicted in Table 1 . Significant differences in LVEF were noted among the three groups. The number of segments excluded from the study due to inadequate tracking were 0.2 0.4 segments of 18 segments in patients with MI and 1.1 1.0 segments of 18 segments in age-matched controls (p<0.01).
LV strain and dyssynchrony in control subjects
Peak radial strain, circumferential strain, Trs and Tcs in 18 LV segments in age-matched healthy volunteers are depicted in Figure 1, 2 and Table 2 . The mean value of radial strain in the apical segments (26.6 13.5) was significantly lower than that measured in the basal (52.5 11.5, p<0.001) and middle segments (49.2 13.5, p<0.001) ( Figure 1 ). Radial J Echocardiogr Vol. 6 strain in the free wall was higher than that in the septal wall at both basal short-axis view (p<0.001; anteroseptal vs. lateral, posterior and inferior wall, p<0.001; IVS vs. posterior wall). However, this tendency was not obvious in the middle and apical short-axis views. Mean Trs were longer in the basal segments (422 40 ms) compared to the apical (377 53 ms, p<0.001) and middle segments (365 43 ms, p<0.001). The SD of the time interval from the R wave to peak radial strain was significantly prolonged according to the number of analyzed segments (Trs-6SD: 24 22 ms, Trs-12SD: 44 14 ms, Trs-18SD: 45 12 ms, p<0.005; Trs-6SD vs. Trs-12 [18] SD). The mean value of circumferential strain in the apical segments (-20.6 3.3) was significantly higher than that in the basal (-16.2 3.4, p<0.001) and middle segments (-16.8 2.3, p<0.001) ( Figure 2 ). Circumferential strain in the free wall was significantly lower than that in the septum at both the basal (p<0.005; anteroseptal vs. lateral, posterior and inferior wall, p<0.001; IVS vs. lateral and posterior wall) and mid short-axis views (p<0.001; anteroseptal vs. lateral, posterior and inferior wall, p<0.001; IVS vs. lateral, posterior and inferior wall). Mean Tcs was longer in the basal segments (407 31 ms) compared to the apical segments (351 29 ms, p<0.001) and middle segments (363 36 ms, p<0.001). No significant difference of SD of the time interval from R wave to peak circumferential strain was noted in relationship to the number of segments analyzed (Tcs-6SD: 41 21 ms, Tcs-12SD: 51 16 ms, Tcs-18SD: 45 14 ms, p=ns).
LV radial strain and dyssynchrony indices in myocardial infarction
Peak radial strain and Trs in 18 LV segments in patients with anterior wall MI and inferior wall MI are depicted in Figure 3 . In patients with anterior wall MI, the mean value of radial strain in the apical segments (12.8 6.2) was significantly lower than that in the basal (32.6 13.5, p<0.001) and middle segments (27.7 12.2, p<0.001) ( Figure 3A) . Mean Trs was longer in the apical segments (414 84 ms) compared to middle segments (350 62 ms, p<0.05). The SD of the time interval from R wave to peak radial strain in patients with anterior wall MI was significantly prolonged according to the increased number of analyzed segments (Trs-6SD: 38 33 ms, Trs-12SD: 67 34 ms, Trs-18SD: 79 26 ms, p<0.01; Trs-6SD vs. Trs-12SD, p<0.001; Trs-6SD vs. Trs-18SD).
In patients with inferior wall MI, the mean value of radial strain in the apical segments (17.5 9.8) was significantly lower than that in the basal (36.4 13.8, p<0.001) and middle segments (33.2 17.7, p<0.001) ( Figure 3B ). No differences of mean Trs were noted among three short-axis views (basal: 403 49 ms, middle: 388 61 ms, apical: 386 61 ms). The SD of the time interval from the R wave to peak radial strain in patients with inferior wall MI was prolonged according to the increase in the number of analyzed segments Figure  4A ).
LV circumferential strain and dyssynchrony indices in myocardial infarction
Peak circumferential strain and Tcs in 18 LV segments in patients with two MI groups are depicted in Figure 5 . In patients with anterior wall MI, the mean value of circumferential strain in the apical segments (-9.5 4.2) was not different from that noted in the basal (-12.2 5.2) and middle segments (-11.6 4.3)( Figure  5A ). Mean Tcs was prolonged in the apical segments (416 91 ms) compared to the basal (336 58 ms, p<0.005) and middle segments (344 63, p<0.005). The SD of the time interval between R wave and peak circumferential strain in patients with anterior MI was significantly prolonged according to the increased number of analyzed segments (Tcs-6SD: 50 30 ms, Trs-12SD: 62 23 ms, Trs-18SD: 83 29 ms, p<0.001; Tcs-6SD vs. Tcs-18SD).
In patients with inferior wall MI, the mean value of circumferential strain in the apical segments (-16.2 5.9) was significantly higher than that in the basal (-13.3 3.3, p<0.05) and middle segments (-12.6 3.4, p<0.01)( Figure 4B ). Tcs was longer in the basal segments (392 41 ms) compared to middle (354 38 ms, p<0.005) and apical segments (354 35 ms, p<0.005). The SD of the time interval from R wave to peak circumferential strain in patients with inferior wall MI was not different according to the increased number of analyzed segments (Tcs-6SD: 52 18 ms, Tcs-12SD: 56 16 ms, Tcs-18SD: 58 25 ms, p=ns). Tcs-18SD was significantly longer in patients with anterior wall MI (83 29 ms) than that in those with inferior wall MI (58 25 ms, p<0.001) and age-matched volunteers (45 14 ms, p<0.001). If Tcs-18SD>73 ms (mean + 2SD of age-matched controls) was defined as LV dys- synchrony, 2 of 23 (9%) inferior wall MI patients and 12 of 18 (67%) anterior wall MI patients exhibited it (p<0.001, Figure 4B ).
Although there was no correlation between Trs-6SD and Tcs-6SD, weak but significant correlation was noted between Trs-12SD and Tcs-12SD (r=0.49, p<0.005) and between Trs-18SD and Tcs-18SD (r=0.31, p<0.05). A significant negative correlation between LVEF and Trs-18SD (Tcs-18SD) was also noted (r=0.49, p<0.001, r=0.54, p<0.001).
Measurement variability
The interobserver variability was 8% for peak radial strain and 6% for circumferential strain. Intraobserver variability was 8% for radial and 2% for circumferential strain.
Discussion
The major findings in this study were (1) Regional heterogeneity of myocardial strain from the base to the apex and from the free wall to the interventricular sep-tum were observed in normal volunteers. (2) Time to peak radial and circumferential strain in control subjects was longer in the basal segments compared to the middle and apical segments, a finding that is in agreement with previous studies [20, 21] . (3) Regional radial and circumferential strain values were decreased in the corresponding segments which depicted a wall motion abnormality in patients with MI. (4) Trs(cs)-18SD was significantly prolonged in patients with anterior wall MI compared to those with inferior wall MI or normal volunteers.
Strain and LV dyssynchrony indices in patients with MI
This study demonstrates that LV dyssynchrony is commonly present in patients with MI. In addition, patients with anterior wall MI have more severe LV dyssynchrony compared to those with inferior wall MI. These results are in agreement with previous tissue Doppler imaging studies [18] . A different pattern of radial strain and circumferential strain was noted between anterior and inferior wall MI (Table 3 ). In patients with anterior wall MI, the time interval between the R wave on the electrocardiogram and peak radial and circumferential strain was consistently prolonged in the apical segments compared to middle or basal segments, resulting in the reversal of time to peak both radial and circumferential strain gradient. Thus, the SD of the time interval between the R wave and peak strain in patients with anterior wall MI was significantly prolonged according to the increased number of analyzed segments irrespective of whether radial strain or circumferential strain was measured. This finding makes sense because wall motion abnormalities are preferentially observed in the apex in anterior wall MI. Thus, inclusion of 6 more apical segments may well increase the value of SD.
In contrast, we found the lack of changes in time to peak radial strain in patients with inferior wall MI. The prolongation of time to peak strain in the basal inferior, posterior, interventricular septum and mid inferior segments was only observed using circumferential strain. Thus, the prolongation of the SD of the time interval between the R wave and peak radial strain was less obvious according to the number of analyzed segments, and the SD between the R wave and peak circumferential strain in the basal 6 segments (Tcs-6SD) was not different from Tcs-12SD and Tcs-18SD (Table  3 ). Apical wall motion abnormalities are usually mild in patients with inferior wall MI. In such a circumstance, Tcs-18SD may well be similar to Tcs-6SD or to Tcs-12SD. These different observations between anterior and inferior wall MI patients might be partly related to the clear differences in global (LVEF) and regional (radial and circumferential strain) LV function. The findings that the area of significant reduction of regional strain in the inferior MI group was mostly basal and middle segments would explain the lack of variability of the SD of time to peak strain in this study. Our results also showed the complex relationship of apex to base mechanical function and the impact of the infarction on these parameters.
Although circumferential shortening begets radial shortening, our study showed no tight temporal and regional relationship between radial strain and circumferential strain. Thus, they provide independent information regarding LV function. Further studies are required which is a more sensitive indicator for determining LV function and dyssynchrony.
Limitations
We did not measure infarct size in this study. Infarct size is usually larger in anterior wall MI compared to inferior wall MI. However, larger size of inferior wall MI also might be accompanied with larger LV dyssynchrony index. Although we tried to get higher frame rates in all subjects, currently available frame rate by 2D speckle tracking imaging is still low compared with tissue Doppler imaging. This could have affected the overall accuracy of the time to peak strain measurements. The resolution of the 2D image may be a problem in some subjects and inadequate border recognition may be another limiting factor for assessing LV strain. We were unable to exclude the effect of through-plane motion, particularly in the basal plane, which could affect accurate tracking. Theoretically, 3D assessment of speckle tracking may overcome this problem. However, lower frame rate in the current real-time 3D echocardiography limits the applicability of this methodology. Finally, no comparisons were made between tissue Doppler derived dyssynchrony indices and 2D speckle tracking derived dyssynchrony indices in this study. Further studies should be required to determine which method will be more robust for the accurate determination of LV dyssynchrony.
Clinical implications
2D speckle tracking imaging allows non-invasive measurement of regional peak strain value as well as timing of peak strain. Myocardial infarction impacts temporal dispersion of timing of peak strain from the apex to the base observed in normal subjects. An area of infarction not only reduces systolic function but also prolongs time to peak strain, which could be contributed with LV mechanical dyssynchrony. Compared to traditional tissue Doppler imaging, assessment of LV dyssynchrony using 2D speckle tracking imaging is relatively easy, robust and more reproducible. These merits make it possible to use widely for the evaluation of LV dyssynchrony in MI patients with heart failure. AWMI; anterior wall myocardial infarction, CS; circumferential strain, IWMI; inferior wall myocardial infarction, RS; radial strain, TPCS; time to peak circumferential strain, TPRS; time to peak radial strain Table 3 . Summarization of the data obtained in this study
